A sAfe and gross-total tumor resection is the main goal of many neurosurgical procedures to successfully treat patients or to extend survival if the disease cannot be healed. Important advances have been made throughout the last few years in visualizing and maximizing the extent of resection by using intraoperative MRI (iMRI). 10, 21 To date, iMRI is mainly used to intraoperatively depict the precise anatomical location of the tumor margins as well as the unintentionally remaining tumor tissue, and to provide updates through the neuronavigation system to reveal the amount of brain shift at the same time. The possibility for advanced iMRI like diffusion tensor imaging (DTI), MR spectroscopy, or MR perfusion has been described before, but not for functional MRI (fMRI). 11, 18, 20, 22 For lesions located within highly eloquent areas like the central region, pyramidal abbreviatioNs fMRI = functional MRI; ICA = independent component analysis; iMRI = intraoperative MRI; IOM = intraoperative monitoring; iRS-fMRI = intraoperative resting-state fMRI; MEP = motor evoked potential; ROC = receiver operating characteristic; RS = resting state; RSN = RS network; SMA = supplementary motor area; SMN = sensorimotor network; SSEP = somatosensory evoked potential. obJective The authors' aim in this paper is to prove the feasibility of resting-state (RS) functional MRI (fMRI) in an intraoperative setting (iRS-fMRI) and to correlate findings with the clinical condition of patients pre- and postoperatively. methods Twelve patients underwent intraoperative MRI-guided resection of lesions in or directly adjacent to the central region and/or pyramidal tract. Intraoperative RS (iRS)-fMRI was performed pre- and intraoperatively and was correlated with patients' postoperative clinical condition, as well as with intraoperative monitoring results. Independent component analysis (ICA) was used to postprocess the RS-fMRI data concerning the sensorimotor networks, and the mean z-scores were statistically analyzed. results iRS-fMRI in anesthetized patients proved to be feasible and analysis revealed no significant differences in preoperative z-scores between the sensorimotor areas ipsi- and contralateral to the tumor. A significant decrease in z-score (p < 0.01) was seen in patients with new neurological deficits postoperatively. The intraoperative z-score in the hemisphere ipsilateral to the tumor had a significant negative correlation with the degree of paresis immediately after the operation (r = -0.67, p < 0.001) and on the day of discharge from the hospital (r = -0.65, p < 0.001). Receiver operating characteristic curve analysis demonstrated moderate prognostic value of the intraoperative z-score (area under the curve 0.84) for the paresis score at patient discharge. coNclusioNs The use of iRS-fMRI with ICA-based postprocessing and functional activity mapping is feasible and the results may correlate with clinical parameters, demonstrating a significant negative correlation between the intensity of the iRS-fMRI signal and the postoperative neurological changes.
tract or speech-related areas, surgeons therefore still have to rely on continuous electrophysiological intraoperative monitoring (IOM), brain mapping in awake surgery, or the knowledge of the precise anatomical localization of the lesions' boundaries.
The fMRI technique is used widely to preoperatively identify the localization of functional areas such as motor, vision, or speech. 1, 12, 15 However, these changes depend on the performance of tasks or the response to a stimulus in awake patients. These limitations make the method not applicable for the intraoperative use in patients under anesthesia. In recent years there has been an increasing interest in resting-state fMRI (RS-fMRI), which seems capable of identifying functional regions of the brain in the absence of a task or a stimulus. RS-fMRI analyzes synchronous activations of low-frequency fluctuations of the blood oxygen level-dependent signal between regions that are spatially distinct to identify the so-called resting-state networks (RSNs). 12, 15 By now, several RSNs have been reproducibly identified in healthy subjects, including sensorimotor, auditory, visual, or language networks with topographic correlation to the corresponding functional regions in the brain. 1, 12, 15 It has been proven that these RS-fMRI networks are remarkably stable in humans throughout sleep as well as under propofol-induced anesthesia. 3, 4, 13, 14 Furthermore, studies using RS-and taskbased fMRI networks for pre-and postsurgical analysis of brain functions, including intraoperative verification by direct cortical stimulation, have been published. 7, 8, 23, 26, 28 To our knowledge, RS-fMRI feasibility has not been described in an iMRI setting before. The intraoperative use of RS-fMRI might offer an entirely new approach for intraoperative monitoring and preservation of patients' neurological function during brain surgery in eloquent areas. Going one step further, we analyzed the intraoperative RS-fMRI (iRS-fMRI) results for the sensorimotor network in patients with lesions in or directly adjacent to the central region and/or pyramidal tract and correlated these with IOM data and the patient's postoperative clinical course.
methods subjects and clinical evaluation
This pilot study was conducted according to the guidelines and recommendations of the Declaration of Helsinki; permission was given by the local ethics committee. All subjects or their legal guardians provided informed consent for the use of iMRI and the evaluation of the imaging data. Patients were considered eligible for the study after fulfillment of the following inclusion criteria: 1) MRI evidence of lesions affecting the central region and/or the pyramidal tract; 2) indication for using iMRI pursuing margin-free tumor resection, which would be beneficial for the patient; 3) medical and physical conditions permitting prolonged surgery and anesthesia; and 4) no contraindication for MRI examination. Intraoperative MRI, including RS-fMRI sequences, was performed in all patients under anesthesia prior to skin incision in the final position of the head with the fixed MR-compatible skull clamp (further called preoperative MRI scan) as well as after the tumor resection, also including RS-fMRI sequences (further called intraoperative MRI scan). Postoperative clinical neurological findings were extracted from the patients' medical files. Neurological motor deficits were scored as severe (Score 2), mild (Score 1), or none (Score 0) preoperatively, directly postoperatively (short-term assessment), and on the day of discharge from the hospital (midterm assessment). All surgeries were supported by continuous IOM with evaluation of motor evoked potentials (MEPs) and somatosensory evoked potentials (SSEPs) (Nicolet Endeavor CR, Cardinal Health). Worsening of MEPs or SSEPs was classified and documented as none (Score 0), slight (Score 1), moderate (Score 2), severe (Score 3), and total loss (Score 4) of the signal at the end of surgery. The cutoff for moderate changes was set at a loss of greater than 50% of the preoperative signal.
anesthesia protocol
Total intravenous general anesthesia was maintained by continuous administration of propofol (5 mg/kg body weight/hr) and remifentanil (0.5 mg/kg body weight/min). During the surgery, electrocardiography, blood pressure, pulse oximetry, and blood gas values; and breathing frequency were continuously monitored. The mean arterial pressure and heart rate were kept stable between 70 and 90 mm Hg and 60 and 80 bpm, respectively.
intraoperative mr imaging
Intraoperative MR imaging was performed in an intraoperative MR suite (IMRIS Visius Surgical Theater, IM-RIS Inc.) with a modified ceiling-mounted 1.5-T movable magnet (Espree, Siemens Medical Systems), described previously in the work by Chen et al. 5 The patient's head was fixed in an MR-compatible DORO skull clamp with disposable cranial pins (ProMed Instruments GmbH). The RS-fMRI sequence (TR 2000 msec, TE 50 msec, field of view 250 mm 2 , matrix size 64 × 64, section thickness 3 mm, number of slices 24, number of images 220) lasted 7 minutes and was performed prior to any gadolinium administration.
image processing and data analysis
Resting-state fMRI data were analyzed separately after the surgery and therefore did not influence the surgical strategy. The analysis was done using a software package (SPM8, Statistical Parametric Mapping, http://www. fil.ion.ucl.ac.uk) running in Matlab (The MathWorks Inc.) and was performed blinded to the clinical condition of the patients. A schema of the workflow can be found in Fig.  1 . All images were manually corrected through reorientation due to shifting in the yaw direction and then entered the preprocessing stage. Preprocessing included slice time correction for interleaved acquisition and motion correction. Functional and anatomical images were coregistered and normalized to the T1 standard template in Montreal Neurological Institute space. After that, functional data were smoothed using a Gaussian kernel of 10 mm full width at half maximum. Postprocessing was performed using spatial independent component analysis (ICA) using the GIFT software (http://icatb.sourceforge.net, version 1.3b). Single-subject ICA was conducted for all 12 subjects using the Infomax algorithm, which was proposed by Bell and Sejnowski.
2 For each subject, preprocessed data were decomposed into 75 independent components using this algorithm, which was also used by Allen et al. 1 For each of those components, characteristic time courses and spatial maps were generated. The voxel information in the spatial maps was converted into z-scores (intensity values), describing the similarity of the time course within the voxel with the characteristic time course of each component. To determine individual components corresponding to the sensorimotor network (SMN), a 2-step process was used (Fig. 2) . First, a spatial template matching technique provided by the GIFT toolbox was applied. This technique identifies one or more components by comparing the spatial maps with selected templates. It selects those components that show a high spatial regression coefficient to the sensorimotor RSN templates as in the publication by Allen et al. 1 In the reference data set, possible templates for the sensorimotor network are IC7, 23, 24, 29, 38, and 56. The highest spatial correlation and regression coefficient between patients was found for the sensorimotor networks Nos. 7, 23, and 24, which were therefore chosen for further analysis. An analysis of spectrum power was implemented as a second step. From the selected components, only those that showed an appropriate frequency spectrum of the characteristic time course were considered. The frequency distributions of the time courses were evaluated, and the ratio between the accumulated frequency power components for low (0-0.1 Hz) and high (0.15-0.25 Hz) frequencies was calculated. Components with a ratio of lower than 1.8 were considered as noise components and excluded from the analysis.
Finally, from the remaining components, only voxels exceeding a z-score cutoff of 1.5 were visualized as "activated." In these selected components, the voxel with the highest z-score was determined, and this score was used 
statistical analysis
The pooled data were tested for normality using the Kolmogorov-Smirnov test. Changes in the pooled z-scores before and after the operation were tested for statistical significance using the paired samples t-test. One-way ANOVA was used to test the difference between the mean z-scores of several subgroups (classified according to the templates, paresis grade, and level of clinical deterioration) before and after the operation as well as ipsilateral or contralateral to the brain lesion. Prior to performing ANOVA, Levene's test for equality of variances was performed. When the ANOVA results were statistically significant, a post hoc test (using Student-Newman-Keuls and Scheffé's methods) for pairwise comparison of subgroups was performed. Biserial and polyserial correlation coefficients between z-scores (and their change) and clinical scores (and their changes) were calculated using the Pearson correlation coefficient (r). Receiver operating characteristic (ROC) curves were applied to examine the prognostic performance of intraoperative z-scores for short-and midterm neurological deficits. All statistical computations were conducted using a commercial software package (MedCalc Statistical Software version 12.7.2, MedCalc Software bvba), and results were declared statistically significant at the 2-sided 5% comparison-wise significance level (p < 0.05).
results clinical data
Twelve patients (median age 39 years [range 18-76 years], 6 females and 6 males) underwent iMRI-guided surgery of intraaxial lesions with direct contact to or within the sensorimotor cortex or pyramidal tract. The locations of the lesions were as follows: 3 in the supplementary motor area and precentral, 5 postcentral, 2 deep-seated temporoparietal with contact to the basal ganglia, 1 deepseated frontal, and 1 deep-seated temporal. Histological examination revealed glioblastomas in 3 patients, WHO Grade III astrocytomas in 3, WHO Grade II astrocytomas in 4, WHO Grade I ganglioglioma in 1, and metastasis in 1 patient. Slight preoperative neurological deficits (Score 1) were found in 2 of the 12 patients. Immediately postoperatively (short-term follow-up), 5 patients had severe (Score 2), 5 discrete (Score 1), and 2 no (Score 0) motor deficits. Discrete neurological deficits remained in 6 patients and severe deficits were noted in 2 patients as assessed on the day of hospital discharge (5-10 days after surgery, midterm follow-up). Resection of small residual tumor tissue that was unintentionally left behind as demonstrated on iMRI was continued in all but 3 cases when resection was stopped due to the severe deterioration of MEPs or SSEPs. No procedure-related peri-or postoperative complications (e.g., hematoma, ischemia) were observed.
intraoperative monitoring data
After defining "moderate changes (Score 2)" in the IOM as the cutoff value to predict new postoperative neurological deficits, the following results could be achieved. In the group with no or only slight postoperative neurological deficits, 3 of 7 patients had worsening of SSEPs and none of MEPs. In the group of patients with severe postoperative neurological deficits, 2 of 5 patients had relevant worsening of SSEPs and 1 of 5 patients had worsening of MEPs. Therefore, the positive and negative predictive values for MEPs were 99.3% and 63.6% (20% sensitivity, 99.9% specificity) and for SSEPs 39.9% and 57.1% (40% sensitivity, 57% specificity), respectively.
resting-state fmri data analysis
The descriptive statistics from the pooled z-scores (ICA templates 7, 23, and 24) demonstrated an average preoperative z-score in the sensorimotor regions contralateral to the tumor of 8.72 ± 3.42, whereas in the ipsilateral sensorimotor regions it was 8.54 ± 2.85. The intraoperative average z-score in the contralateral sensorimotor region was 9.37 ± 3.54 and in the ipsilateral sensorimotor areas 8.97 ± 3.06 (Fig. 3) . No statistically significant difference was observed between pre-and intraoperative MRI, regardless of the sensorimotor activation side in relation to the lesion.
analysis of individual templates
Preoperatively, the z-scores on single template basis revealed that the activation in the contralateral sensorimotor area was significantly higher (p ≤ 0.03) in template 24 (average z-score: 10.39 ± 3.3) than template 7 (average zscore: 8.43 ± 3.45) and template 23 (average z-score: 6.07 ± 1.06). No significant differences of the z-scores of single templates were found in regions ipsilateral to the tumor; however, again there was a tendency for higher values in template 24 (Fig. 4) . On the intraoperative iRS-fMR images obtained after tumor resection, no significant differences were observed in the activation among the 3 different templates.
correlation between intraoperative rs-fmri and Postoperative Motor Deficits
The ANOVA results demonstrated that the z-score in the ipsilateral sensorimotor areas after tumor resection was significantly higher (p < 0.01) in the patients without short-term paresis (mean z-score: 10.32 ± 1.49) or with slight paresis (mean z-score: 10.89 ± 1.26) than in the subjects with severe short-term paresis (mean z-score: 6.74 ± 3.19) (Fig. 5) . Significantly lower intraoperative ipsilateral activation (p = 0.012) was observed in the patients who, on the day of discharge from the hospital (midterm assessment), had severe paresis (mean z-score: 5.54 ± 1.35) compared with the ones with slight paresis (mean z-score: 8.26 ± 3.2) and no paresis (mean z-score: 11.16 ± 1.18) (Fig. 6 ). In total, the activation of the sensorimotor areas in the contralateral hemisphere did not demonstrate any significant difference before and after operation and was not correlated with the degree of paresis, as expected.
The intraoperative z-score in the region ipsilateral to the tumor showed significant negative correlation with the degree of paresis immediately after the operation (r = -0.67, p < 0.001) as well as after the patient discharge from the hospital (r = -0.65, p < 0.001). ROC curve analysis failed to show a statistically significant threshold value of ipsilateral intraoperative z-score as a predictor of shortterm clinical deterioration (cutoff value ≤ 8.43, area under the curve: 0.61; p = 0.08). On the contrary, ROC curve analysis demonstrated moderate prognostic value of the intraoperative z-score (cutoff value: ≤ 10.5; sensitivity: 82.4%; specificity: 80%; area under the curve: 0.84, p < 0.001) for the midterm paresis score (Fig. 7) . The contralateral z-scores (pre-and intraoperative scores) were not significantly correlated to the short-and midterm clinical findings. Notably, neither the ipsilateral nor the contralateral z-score change (z-score intraoperative -z-score preoperative ) was correlated with the short-term degree of paresis. There was solely a trend to significant correlation between z-score change and clinical deterioration at the time of patient discharge (r = -0.16, p = 0.07).
discussion
Intraoperative imaging has evolved into one of the most progressive fields in neurosurgery with a major focus on the use of iMRI throughout the last few years. Yet, recent developments of modern MRI like functional and network analyses have not been implemented in the operating room to date. To advance in the field of intraoperative fMRI, the barrier of uncooperative patients due to anesthesia had to be overcome. This issue might be solved using RS-fMRI intraoperatively to directly identify function and to gain a comprehensive new understanding of the human brain without the need for active cooperation of patients. 15 Besides for research purposes, the use of RS-fMRI has been discussed in neurooncology, deep brain stimulation, or epilepsy surgery before, but not as an intraoperative tool, yet. 12 With this pilot study we aimed to introduce this technique into the neurosurgical operating room, with the long-term goal of clinical implementation of iRS-fMRI.
Feasibility of irs-fmri
Acquisition of iRS-fMRI data was unproblematic in our intraoperative setting, demanding a scan time prolongation of approximately 7 minutes. Online processing is not yet possible within the surgery time frame, as the ex- penditure of time for analysis accumulates up to hours. For iMRI surgery, patients' heads were fixed in a carbon-fiber skull clamp with titanium pins, which did not produce any relevant and image-hampering artifacts. Air in the resection cavity, which can also cause artifacts, was avoided by closing the dura and the skin partially before performing iMRI to fill the cavity with water (Fig. 8) . Probably the most interesting difference of iRS-fMRI from RS-fMRI in awake patients (resting quietly and performing no tasks, ideally "thinking about nothing") is the fact that patients in the iMRI suite were under anesthesia. As proven before, as well as in our cohort, stable results were achieved for the RS-fMRI networks despite-or perhaps because ofthe fact that patients were under anesthesia.
3,4,13,14 Serving as a "negative control," the absence of significant changes in z-score in the hemisphere contralateral to the lesion hemisphere, independently on the postoperative neurological status, implicate the robustness of the technique under intraoperative conditions.
irs-fmri data analysis
New postoperative deficits were reflected in a significant reduction of the intraoperative z-score, compared with the increase in the z-score in patients without neurological deterioration. The latter may be attributed to the tumor load removal and thus to better function of the sensorimotor centers (though not essentially reflected in better neurological short-or midterm outcome), whereas the deterioration of the iRS-fMRI activity appears to go in line with neurological deterioration. Possibly, the restingstate activity increase in patients without new postoperative deficits might also be a physiological response to local anatomical distortions during the surgery.
A part of our study involved the correlation of iRS-fM-RI findings with IOM. IOM is a well-established standard tool for real-time feedback while surgery is performed in or close to sensorimotor areas and the pyramidal tract. 9, 17, 24 Limitations of this technique are any artifacts caused by electric currents and the fact that signal loss might be a post hoc parameter of irreversible deficits.
9,17,24 Also, regions with more complex functions, like the SMA and speech area, cannot be sufficiently monitored. The negative predictive value of MEPs in our cohort seems worse than that reported in the literature. 9, 17, 24 This is most likely caused by the fact that these studies used solely direct cortical stimulation of motor areas for the analysis, as well as by the fact that the tumors in 3 of 5 patients with postoperative deficits in our cohort involved the SMA. However, these patients are known to recover well within days, as happened in our cohort.
clinical implications of irs-fmri
To date, RS-fMRI is mainly used in research for better understanding of brain networks and functions, whereas applications in presurgical planning or diagnostic and prognostic evaluation of neurological and psychiatric diseases are rapidly developing. 12, 15 Our results after implementation of iRS-fMRI in the operating room showed the The development and implementation of new ICA templates may allow more accurate differentiation between sensory, supplementary motor, and motor areas and therefore increase the predictive value of the method. In conjunction with automated and time-efficient algorithms, online data transfer and analysis within the operative time frame will be feasible, and thus the neurosurgeon will receive clinically important feedback. The next step after establishing iRS-fMRI and including more ICA templates into analysis would be to proceed to find any connectivity changes due to surgical intervention, which will also have an impact on the postoperative clinical course of the patients (e.g., frontal networks, default mode network). Such changes might give new insights into complex functions of the brain. Furthermore, the application of iRS-fMRI to monitor speech-related resting-state activity during the surgery would be valuable since there is no sufficient method to map speech function intraoperatively besides awake surgery, which, however, is wearing for the involved patients. After future sophistication of iRSfMRI postprocessing and optimization of workflows, this technique might be capable of replacing awake surgery by giving a very precise anatomical and functional description of speech-related areas without any need of patient cooperation. These data might be used in combination with neuronavigation for defining clear resection borders without endangering eloquent regions. Furthermore, iRSfMRI might have the potential to overcome the problem of anatomically "shifted" functional areas after the main tumor resection. In that case, an intraoperative update of anatomical and functional data might be achieved, and the connectivity of eloquent functional sites in the vicinity of tumors would enhance patient safety. Furthermore, besides the intraoperative identification of eloquent areas, iRS-fMRI could add prognostic information for the duration of postoperative neurological deficits, though it seems that the value of this information is rather limited for the long-term prognosis. Nonetheless, we pursue further validation in larger cohorts for defining the predictive role of our method.
study limitations
The main limitation of this study is the small number of patients, which may account for the nondetection of any prognostic value of the z-score change on an individual basis, and the lack of more detailed and standardized assessment of their neurological status. This is due to the pilot study design, which aimed to examine the technical feasibility of iRS-fMRI and its proof of principle for intraoperative monitoring of sensorimotor areas. Larger cohorts of patients with standardized imaging and clinical baseline and follow-up protocols are essential for proving the statistical tendencies and results demonstrated here as well as for the validation of the method and more comprehensive understanding of the complex functions and crosslinking between different areas of the brain.
The applied methodology for postprocessing may be crucial in RS-fMRI. Seed-based methods, like the one used by Quigley et al., 19 rely on a predefined seed region and thus are strongly affected by the seed location. 16 Seedbased resting-state fMRI must be discussed critically in (due to tumor masses pathologically) altered brains, as an activated region may be located differently. Therefore, additional variance must be recognized. Moreover, the performance of seed-based resting-state fMRI is impossible if the seed region is occupied by a tumor or a lesion. 8 ICA requires no prior knowledge of the spatial or temporal patterns of brain response, has a high level of consistency in results within subjects, 27 and can compare the coherence of activity in multiple distributed voxels. 6 However, the results of ICA depend on the number of components, which is used as an input for the algorithm, as well as on the "goodness of fit" of the comparison between the obtained components and those of the published network. 25 However, intraoperative brain connectivity studies may benefit from a seed-based analysis of the iRS-fMRI data, which we also intend to perform prospectively in our cohort.
Finally, the z-scores at the time point of iMRI did not consider any brain tissue damage and thus neurological deficits generated by continued surgery after the iMRI scan. However, according to the surgery reports, none of the resections after the intraoperative scan led to worsening of IOM results.
conclusions
This pilot study describes the results of implementing RS-fMRI within iMRI surgery. We were able to show that RS-fMRI is feasible intraoperatively and the intraoperative resting-state signal amplitude in the sensorimotor networks of the patients might predict postoperative neurological deterioration. Further development and evaluation of this technique might open a new field of RS-fMRI research and could help to optimize neurosurgical strategies to minimize postoperative neurological deficits.
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